Bulk metallic glasses (BMGs) have been classified according to the atomic size difference, heat of mixing (ÁH mix ) and period of the constituent elements in the periodic table. The BMGs discovered to date are classified into seven groups on the basis of a previous result by Inoue.
Introduction
It is widely known that metallic glasses are solid alloys exhibiting many superior properties to crystalline alloys. The unique properties originate from the random atomic arrangement of metallic glasses that contrasts with the regular atomic lattice arrangement found in crystalline alloys. Rapid quenching from the melt for the fabrication of metallic glasses is required since the random atomic arrangement is a non-equilibrium state. However, the size of metallic glass samples fabricated in this manner is constrained to less than one millimeter due to the high critical cooling rate required for the formation of conventional metallic glasses. Only a few metallic glasses have been reported to have been formed as bulk materials up until the early 1980s 1) due to the constraints on the sample size.
Since 1988, a number of alloys with a high glass-forming ability and able to be fabricated as bulk metallic glasses (BMGs) have been discovered in multicomponent Mg-, [2] [3] [4] La-, 5) Zr-, 6, 7) Fe-, 8, 9) and Pd-based 10, 11) alloy systems. Subsequently, Inoue 12) succeeded in classifying the BMGs into five groups by focusing on the characteristics of the constituent elements with respect to the chemical species and their atomic size differences. This classification is useful for understanding the characteristics of BMGs. However, this classification is inadequate for the development of new BMGs for a number of reasons. First, an updated review of the classification system of BMGs is required as many BMGs have been discovered since the classification system by Inoue was proposed back in 2000. Second, the classification system describes the alloy system but not the range of glass-forming compositions in that system. For instance, it is widely accepted that the Zr-based Zr-Al-Ni alloy is a typical BMG, forming BMGs when the composition is Zr-rich. The previous classification system organizes the Zr-Al-Ni system into a single group of BMGs, even though BMGs fabricated to date in the system comprising Zr, Ni and Al are neither Al-based nor Ni-based BMGs. Furthermore, the ZrAl-Ni system has a wide composition range for the formation of metallic glasses 6) over the Ni-rich side and a separate composition range for formation of the amorphous phase 6) in the Al-rich side. Third, this classification of BMGs fails to include Pd-and Pt-based alloy systems, although these alloys are widely accepted as typical BMGs.
The inadequacies mentioned above illustrate that the classification system for BMGs is incomplete due to a lack of defining properties, aside from chemical species and atomic size differences. In other words, a more practical classification system for BMGs can be developed by taking into account important quantities, such as heat of mixing of the constituent elements. 12) In addition, it is reasonable to assume that the periodicity of the elements in the periodic table is also likely to be an important quantity since the atomic size and heat of mixing should be related to the period of the element.
The purposes of the present paper are to summarize the characteristics of the known BMGs in terms of the atomic size difference, heat of mixing and period of the constituent elements, and to propose a classification system for BMGs that could be used to assist with further development of BMGs. 
Data Used for Analysis

Heat of Mixing
The values of heat of mixing were quoted as enthalpy of mixing (ÁH mix fABg ) 13) of the binary liquid in an A-B system at an equi-atomic composition. From the Miedema's model, 13) one can deal with ÁH mix fABg for TM-TM and TM-NTM atomic pairs (except for those of gaseous elements) where TM and NTM are a transition metal and non-transition metal containing metalloid, respectively. In addition, values of ÁH mix fABg for a total of 1053 atomic pairs including NTM-NTM atomic pairs were quoted 14) for ternary alloy systems listed in a databook for the formation of amorphous alloys. 15) On the basis of a previous report, 14) ÁH mix fABg was calculated for 2628 atomic pairs from 73 elements; that is, the atomic pairs that can be dealt with by Miedema's model. Tables 1  and 2 summarize the values of ÁH mix fABg , while Table 3 explains how to read the values of ÁH mix fABg . In Tables 1 and  2 , it should be noted that the values of ÁH mix fABg containing NTM (H, B, C, N, P, Si and Ge) are modified 14) from the original values of ÁH mix fABg 13) due to the subtraction term required for NTMs to transform to metallic elements 13) (ÁH 13) The subtraction term for a binary A-B system with an equiatomic composition is ÁH Þ=2 for NTM-NTM, where i and j refer to the two elements (i 6 ¼ j) in NTMs. It is noted that values of ÁH mix fABg for atomic pairs containing H, C or N are treated as 0 kJ/mol in a previous study.
14)
Atomic Size
The atomic size of an element is quoted from a databook 16) as the atomic radius which is taken as half of the interatomic distance in a crystalline state. Figure 1 illustrates the atomic radius of elements and the relationship with their position in the periodic table, together with the numerical values of atomic radius. Figure 2 illustrates the previous classification system for BMGs as considered by Inoue.
Previous Classification of BMGs
12)
12) From Fig. 2 , it is evident that the four groups (G-I to G-IV) of the BMGs are composed of three in five groups of elements: an early transition metal (ETM), lanthanide metal (Ln), late transition metal (LTM), simple metal, metalloid and group of elements (Al,Ga,Sn). An exception to this rule is BMGs of G-III that are reported 12) to form as multicomponent systems comprising several constituent elements as illustrated by the Fe-(Al,Ga)-(P,C,B) system. 7) Another exception to this rule is BMGs of G-V consisting of elements from two groups of elements (LTM and Metalloid). This is exemplified by Pd-Ni-P BMG that Pd and Ni belong to LTM, and P belongs to Metalloid. This type of BMG is designated by ''line type'' in the present paper. 
The BMGs discovered after 2000
Several BMGs have been discovered since the proposed classification system for BMGs by Inoue in 2000, including the Cu-Zr-Ti, 17) Ca-Mg-Cu, 18, 19) Ca-Mg-Zn, 20) Ni-NbSn, 21) Ni-Nb-Ta, 22) Ti-Cu-Ni based system 23) and Ti-CuNi-Mo-Fe system. 24) These new BMGs are also analyzed in the present study. Figure 3 shows the result of classifying BMGs based on BMGs from previous results 12) and new BMGs as described in Section 2. It is noted that there are differences in element groups between Figs. 2 and 3. The element group of Al-GaSn in Fig. 2 is modified as Al-Ga in Fig. 3 . Simple metals (Be,Mg) are extended to alkaline earth metals (IIA: Be,Mg, Ca). In addition, LTM are extended to LTM containing the IIIB-IVB metals (LTM/BM). The reason for differences in the groups of elements between Figs. 2 and 3 will be discussed in Section 4. As a result, BMGs discovered to date can be classified into seven groups based on the constituent elements belonging to the groups of elements in Fig. 3 . These groups are G-I: ETM/Ln-LTM/BM-Al/Ga, G-II: ETM/Ln-LTM/BM-Metalloid, G-III: Al/Ga-LTM/BM-Metalloid, G-IV: IIA-ETM/Ln-LTM/BM, G-V: LTM/BM-Metalloid, G-VI: ETM/Ln-LTM/BM, and G-VII: IIA-LTM/BM. The representative alloy systems for each of these groups are also tabulated in Fig. 3 . The BMGs belonging to G-V, G-VI and G-VII are drawn as a line type in Fig. 3 as a result of the present classification.
Results
It should be noted that Fig. 3 is a projection of Fig. 4 , which is a solid figure with Fig. 3 at the base and with a perpendicular axis corresponding to the period as well. In Fig. 4 , all of the BMGs within each group form either a triangle, polygon or polyhedron with three or more elements which are located at the period axis of each group of elements. Accordingly, the groups G-V to G-VII, which are discerned as a line type combining two kinds of groups of elements in Fig. 3 , can form either a triangle, polygon or polyhedron in Fig. 4 , which explains why the Pd-Ni-P BMG belongs to G-V. Thus, the period of the constituent elements that compose BMGs is also an important quantity for the formation of a BMG. Figure 5 illustrates the relationship between the atomic size difference, heat of mixing of the constituent elements (ÁH mix ) and main element of the ternary BMGs. Figure 5 (a) shows the atomic radius of elements plotted in a sequence from the smallest (H) to the largest (Cs), followed by Fig. 5(b) , which is drawn by tracing the locations of the elements in Fig. 5(a) horizontally for the constituent ele- ments of the representative ternary BMGs belonging to each of the seven groups. The following ternary alloys were chosen as representative BMGs from each of the seven groups: Zr-Al-Ni 6) and La-Al-Ni 5) for G-I, Fe-Zr-B 9) for G-II, Mg-La-Ni 4) and Mg-Cu-Y 3) for G-IV, Pd-Ni-P 11) and Pd-Ni-Si 1) for G-V, Ni-Nb-Sn, 21) Ni-Nb-Ta 22) and Cu-TiZr 17) for G-VI, and Ca-Mg-Cu 18) and Ca-Mg-Zn 20) for G-VII. In addition, the relationship between ÁH mix and typical compositions of ternary BMGs are summarized in Fig. 5 (c) that Zr with 60 at%, which is the main element in the system, is illustrated with closed circles and white lettering and that ÁH mix fZrNig value of À49 kJ/mol, which is the largest, negative enthalpy of mixing in the system, is underlined.
From Fig. 5 , it is obvious that the main element of a BMG has the largest radius for G-I, G-V and G-VII, smallest radius for G-VI, and an intermediate radius for G-II and G-IV. It is noted that Pd and Ni in Pd 40 Ni 40 P 20 BMG are equal in their stoichiometry, such that Ni could also be considered to be the main element. However, Pd is regarded as the main element in this work. The details will be discussed in Section 4-6. The important point to note for ÁH mix is that BMGs belonging to G-II and G-IV have ÁH 
Discussion
The classification of BMGs depends on the element groups of the constituent elements. Thus, the following items will be discussed in terms of the element groups: (1) Sn in the group of elements of LTM/BM, (2) extension of an element group as a function of the period, (3) Ca in the group of elements of IIA with simple metals (Be,Mg), and (4) BMGs containing constituent elements in the same group in the periodic table. In addition, (5) applicability of the characteristics of the main element in BMGs based on multicomponent systems, (6) exchangeability of constituent elements in multicomponent BMGs, and (7) significance of the classification of BMGs will be discussed. 
Sn in the element group of LTM/BM
As shown in Fig. 2 , Inoue previously classified Sn in the group of elements of Al, Ga, Sn on the basis of reports that a BMG is formed in the Ti-Ni-Cu-Sn system 25) -the only known BMG containing Sn prior to 2000. Subsequently, BMGs containing Sn have been discovered for the following systems: Ni-Nb-Sn, 21) Ti-Cu-Ni-Sn, 23) Ti-Cu-Ni-B-SiSn, 26) Ni-Ti-Zr-(Si,Sn), 27) 29)
The reason for shifting Sn from (Al,Ga,Sn) to the LTM/ BM group of elements is due to the following considerations. First, the main element depends on the type of BMG as for ternary BMGs in Fig. 5 . Second, the characteristics of a BMG are determined by the major constituent elements with respect to composition. In other words, minor elements or additional elements scarcely change the characteristics of BMGs. This leads to the third consideration that similar BMGs should be classified into the same group of BMGs.
The first consideration is supported if Sn is placed in the LTM/BM group of elements, which leads to Ni-Nb-Sn BMGs being classified as G-VI BMGs. In addition, the Ni 59:5 Nb 33:6 Sn 6:9 BMG 25) satisfies the characteristics of the main element of the BMGs belonging to G-VI. That is, the smallest element (Ni) is the main element. On the other hand, if Sn is placed in the element group of (Al,Ga,Sn)-the element group used for the analysis of the characteristics of BMGs in the previous study 12) -the Ni 59:5 Nb 33:6 Sn 6:9 BMG is classified as a G-I BMG. The element with the largest atomic radius (Sn) may be the main element for BMGs belonging to G-I, which is at variance with BMGs into any of the groups as shown in Fig. 3 . Fig. 3 , element group was extended as a function of the period by considering that Ni and Pd both belong to the LTM group of elements. This assumption is supported by the tendency for the atomic radii of transition metals to increase consideably between the fourth and fifth period in the periodic table. For instance, the atomic radii 16) of Ni, Pd and Pt, which belong to the fourth, fifth and sixth period, are 0.125, 0.137 and 0.139 nm, respectively, and that of Ti, Zr and Hf are 0.147, 0.162 and 0.160 nm, respectively. Thus, the difference in atomic radii is greater between transition metals in the fourth and fifth periods compared with those between the fifth and sixth periods. For other transition metals, this tendency is also shown in Fig. 6 .
The extending of element groups as a function of the period is important for understanding the characteristics of BMGs. As described in Section 3, the Pd-Ni-P system forms a triangle in Fig. 4 . However, it should be noted that BMGs with a thickness of several millimeters, described as a line type within the solid figure, have not been reported. For instance, LTM(4)-LTM(4)-Metalloid(3), where the numbers in the parentheses denote the period of the element, is not a BMG-forming system as demonstrated by the Ni-Fe-P system. On the other hand, the LTM(5)-LTM(4)-Metalloid(3) is drawn as a line in Fig. 3 and triangle in Fig. 4 , and is typified by the Pd-Ni-P BMG system. In general, differences in atomic radius also correspond to a difference in group and period on the periodic table. Hence, the period of the constituent elements is also an important quantity for the formation of BMGs.
4.3 Ca in the IIA group of elements with Simple metal (Be,Mg) The element groups of Simple metal (Be,Mg) in Fig. 2 is extended to IIA in Fig. 3 . The reasons for grouping Be, Mg and Ca into IIA are as follows. First, the atomic radii 16) of Be, Mg and Ca are 0.113, 0.160, and 0.197 nm, respectively. Accordingly, the atomic radii of Be, Mg and Ca increase monotonously with increasing period, as is also apparent in Fig. 6(a) . Second, one can discern the similarity with respect to atomic size differences and ÁH 
BMGs containing constituent elements in the same group in the periodic table
The BMGs placed in groups G-V to G-VII are characterized by having constituent elements that all fall into the same group in the periodic table. As a result, these BMGs are drawn as a line type in Fig. 3 . The values of ÁH mix between atomic pairs are calculated to be 0 or nearly 0 kJ/mol for BMGs having their constituent elements in the same group in the periodic table. Examples are Nb-Ta, Ti-Zr and Ni-Pd atomic pairs (Fig. 5) . Furthermore, the difference in atomic radii for elements within the same group in the periodic table is relatively small by comparison with elements from different groups. For instance, the atomic radii 16) of Ni, Nb and Ta are 0.125, 0.143 and 0.143 nm, respectively. Very little difference in atomic radius can be observed between Nb and Ta, although this system is BMG-forming. Thus, it is possible to conclude that the difference in the period is prior to the difference in atomic size in the case of BMGs consisting of elements in the same group of the periodic table.
Applicability of the characteristics of the main element of the BMGs in multicomponent systems
Within the seven groups of BMGs, G-III is considerably different from the other groups with respect to the number of necessary elements for BMG formation. For instance, the Fe-(Al,Ga)-(P,C,B) alloy system requires as many as six constituent elements to form as a BMG. Confirmation of Element lined up in the order of its atomic radius
Cu
Intermediate ). The values of ÁH mix are drawn in a tetrahedron for each BMG together with the quasi-ternary systems, selected by taking three elements from the four, under the condition that the selected quasi-ternary systems belong to G-I to G-VII. For example, Zr-Al-Ni and Zr-AlCu quasi-ternary systems would be selected from Zr-Al-Ni, Zr-Ni-Cu, Zr-Al-Cu and Al-Cu-Ni if the Zr-Al-Ni-Cu quaternary system was to be considered. The Zr-Ni-Cu and Al-Cu-Ni quasi-ternary systems were excluded since these quasi-ternary systems do not belong to G-I to G-VII. In the same way, one can select quasi-ternary systems for the other quaternary BMGs. Here, it is noted that ÁH mix L.N. is found in the atomic pair of the selected quasi-ternary systems, and the characteristics of the main element analyzed for the ternary BMGs can be applied to these quaternary BMGs belonging to G-I, G-II, G-IV, G-V and G-VII. Moreover, the multicomponent BMGs in these groups with five or more constituent elements show the same characteristics for the main element.
In contrast, BMGs belonging to G-III, G-IV and G-VI have another tendency for the characteristic of the main element. Figure 8 shows ). In each alloy system, quasi-ternary systems are selected in the same way as is described in Fig. 7 . In Fig. 8 , one can recognize the same tendency as is shown in Fig. 7 , namely, that ÁH mix L.N. is also found in the atomic pair of the selected quasi-ternary systems for these BMGs. It is proposed an assumption that the main element of multicomponent BMGs has a larger atomic radius in the atomic pair with ÁH mix L.N. . This assumption is applied to determine the characteristics of the main element for BMGs belonging to G-III (Fe 72 Al 5 Ga 2 P 11 C 6 B 4 ) due to the absence of fundamental ternary BMGs in this group. Permitting the assumption, one can detect Fe as the main element due to the facts that ÁH fABg with the largest, negative value for each BMG is underlined. The main elements are marked with solid circles in white letters, and the compositions of the system are written in italics. In each alloy system, quasi-ternary systems are selected from all of the possible systems for the alloy, provided that the selected quasi-ternary system belongs to the group of BMGs from G-I to G-VII. The locations of the elements in the tetrahedron depend on the atomic radius (r) of the constituent elements.
is found in the Fe-C atomic pair and that the atomic radius of Fe is larger than C. Thus, the assumption mentioned above holds for the Fe 72 Al 5 Ga 2 P 11 C 6 B 4 BMG.
The characteristics of the main element of multicomponent BMGs obtained under the assumption are applicable to the Ti-Ni-Cu-Sn and Ti-Cu-Ni-Mo-Fe systems belonging to G-VI. For instance, the largest element in these systems is Ti, which is the main element, and ÁH mix L.N. is found in the Ti-Ni atomic pair in both the Ti-Ni-Cu-Sn and Ti-Ni systems. From these results, one can identify Ti as the main element with respect to the atomic radius of the main element for TiNi-Cu-Sn and Ti-Cu-Ni-Mo-Fe, coinciding with the experimental results. Attention should be paid to the fact that the main element of BMGs belonging to G-VI in a ternary system is the element with the smallest atomic radius. Thus, the main element of BMGs belonging to G-VI shifts from the smallest to the largest one due to this multicomponent alloying effect. It is widely accepted that the glass-forming ability of BMGs is enhanced by multicomponent alloying. Thus, this shift with respect to the size of the main element is due to the changes in the local atomic arrangement of BMGs. In other words, it can be interpreted to mean that the local atomic arrangement of BMGs belonging to G-VI become stable with increasing atomic radius of the main element.
Aside from G-VI BMGs, the main element of The existence of a Ti-based Ti-Zr-Ni-Cu-Be BMG is at variance with the characteristics of the main element of multicomponent BMGs. However, the variance can be interpreted as the co-existence of BMG composition regions in a multicomponent system, which is found in the Ti-ZrCu-Ni system. 34) It is reported 34) that the Ti-Zr-Cu-Ni system has two BMG composition regions on the Ti-and Zrrich sides owing to the near interchangeability between Ni and Cu. Interchangeability between Ni and Cu can take place in both Zr-and Ti-based BMGs since the Zr-Ti-Cu-Ni-Be system also has Ni and Cu. Thus, the characteristics of the main element for multicomponent BMGs are modified as follows: first, the main element of the BMGs was determined by finding ÁH mix L.N. and the larger element in terms of the atomic radius in an atomic pair, and then this element was extended to the same group of elements in the periodic table.
Finally, we focus on the Ti-Zr-Cu-Ni BMGs. According to the modified characteristics of the elements in a multicomponent systems, Zr is determined to be the main element, and then it is extended to Ti due to the interchangeability of Ni and Cu. However, the main element of the Ti 34 Zr 11 Cu 47 Ni 8 BMG 34) is Cu, which has the second smallest atomic radius in the system. This result is at variance with all of the characteristics of multicomponent BMGs described in this section. However, the main element of this system can be regarded as having the smallest radius for the following reasons: (1) near equal atomic radii of Ni and Cu (Ni: 0.125 nm, Cu: 0.128 nm), (2) interchangeability 34) between Ni and Cu, and (3) the composition ratio between LTM(Cu,Ni) and ETM(Ti,Zr) of 55:45, implying that Ti 34 Zr 11 Cu 47 Ni 8 BMG can be regarded as an LTM-based BMG. In addition to these reasons, it also should be noted that the Ti-Zr-Cu-Ni system has two BMG composition regions on the Zr-and Tirich side. It is reported 34) that the Ti 34 Zr 11 Cu 47 Ni 8 BMG belongs to the Ti-rich side. Therefore, it is expected that further multicomponent alloying in this quaternary system will lead to the formation of Zr-based BMGs.
The main element of BMGs in G-VI can shift through the following three stages with increasing GFA of the systems: (1) LTM(Cu,Ni), (2) co-existence of LTM(Cu,Ni) and ETM(Ti,Zr), and (3) ETM(Ti,Zr), where the atomic radius of the element in the group of elements is generally described as r ETM > r LTM , as shown in Fig. 1. For 
Exchangeability of constituent elements in BMGs
As a result of the analysis of the main element of BMGs, it is found that multicomponent BMGs belonging to G-VI have a probability of having two or more main elements. A typical example is the Ti 34 Zr 11 Cu 47 Ni 8 BMG 34) with BMG-forming composition ranges on both the Ti-and Zr-rich sides of the system, owing to approximate interchangeability between Ni and Cu. 34) It is assumed that either the interchangeability or some similar mechanism affects the composition of BMGs between elements in the same group in the periodic table. Under such an assumption, the atomic pairs of (Ni,Cu), (Ti,Zr), (Ni,Pd), etc. can change the composition in the BMGs. These sets of elements have a common characteristic in that they exhibit complete solid solubility at high temperatures according to their binary phase diagrams, 35) and are constituent elements in BMGs belonging to G-V and G-VI. It is possible to explain from these results the reason for Pd 40 Ni 40 P 20 BMG having the same composition between Pd and Ni as main elements.
Significance of the classification of BMGs
It is possible to obtain information about the main element and the composition of the alloy system required for formation of a BMG as a result of the characteristics determined for the ternary BMGs shown in Fig. 5 and their extension to multicomponent BMGs described in Section 4-5. The information enables a decrease in the tasks required for the development of BMGs to 25% for ternary systems when considering the Gibbs triangle for alloy compositions. The classification system for BMGs developed in the present study is of great importance to further development of BMGs since currently it is not possible to predict the optimal composition for BMG formation. In particular, the characteristics of the main element in multicomponent BMGs, as discussed in 4-5, can be used for the selection of additional elements in the case of multicomponent alloying.
Conclusions
On the basis of previous results by Inoue in 2000, bulk metallic glasses (BMGs) discovered to date are classified according to atomic size differences, heat of mixing (ÁH 
